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Summary: Replication competent chimeric viruses that express the gag and poi 
proteins of SIV^„ and the env proteins of HIV-l were made. One such chi- 
meric virus, SHIV-4, that expresses the vif, vpx, ypr, and nef regulatory genes 
of SIV and the tat and rev regulatory genes of HIV- 1 replicated efficiently in 
cynomolgus monkeys. This model system can be used to evaluate the efficacy 
pf anti-HIV-l vaccines directed at the envelope glycoproteins, anii-HIV-1 en- 
velope glycoprotein antiserum or monoclonal antibodies, and anti-HIV-1 drugs 
designed to inhibit the tat, rev, or env functions. Key Words: Chimeric virus — 
Hiy/SIV — Cynomolgus monkey. 
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,^>''.^^?^iinah inuhunodeficK^hcy virus type 1 (HIV-I) 
;aiidr human immunodeficiency virus type 2 (HIV-2) 
V \ arc the etiologic agepts of AIDS in humans (1-3). 
;4 Jfhese viruses are related to simian immunodefi- 
pimcy viruses (SIY) that infect feral populations of 
;sooty mangaljcys, African' green monkeys, and 
v' mandriUslfor review, see refs. 4 and 5). 

Development of a vaccine to prevent infection of 
HIV-l requires a suitable animal model. The two 
animal models most commonly used, infection of 
chimpanzees with HIV-1 and infection of macaque 
monkeys with SIV, have limitations. HIV-1 does 
not replicate to high titers in chimpanzees, and in- 
fected chimpanzees do not develop immunodefi- 
ciency (6-10). Trials in chimpanzees are limited to a 
few animals as the species is endangered, available 
chimpanzees are few, and care is expensive. 
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Rhesus and cynomolgus macaque monkeys in- 
fected with the macaque strain of SIV (SIV^J do 
produce high titers of virus and do develop an 
AIDS-like syndrome (11-13). Differences exist, 
however, in the immune responses to the HIV-1 
and SlV^a,. envelope glycoproteins, which repre- 
sent jfhe principal targets for protective inwnunity 
(14-16). The major neutralizing antibodies in HIV- 
1-infected people are directed against two regions 
of the gpl20 envelope glycoprotein. Antibodies 
against the HIV-I third gpl20 variable (V3) region 
have been shown to be protective (15). In contrast, 
the corresponding region of the SIV^^. envelope 
glycoprotein does not exhibit sequence variation 
among isolates and is not a target for neutralizing 
antibodies in infected macaques (17.18). A second 
group of neutralizing antibodies in HIV-l-infected 
humans is directed against the conserved, discon- 
tinuous gpl20 region that binds the CD4 viral recep- 
tor (19-29). These antibodies recognize HIV-I 
gpl20 regions distinct from those of the SIV^^^ 
gpl20 glycoprotein recognized by antibodies from 
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infected macaques that neutralize multiple SIV 
strains (30-33). The differences between the anti- 
bodies that broadly neutralize HIV- 1 and^IY 
strains are highlighted by the observation that such 
antibodies do not cross-neutralize (34). 

To overcome these difficulties an attempt was 
made to create a chimeric virus between HIV-1 and 
Sl^^mac ^hat contains the HIV- 1 envelope glycopro- 
teins and is capable of replicating to high titers in 
macaque monkeys. 

MATERIALS AND METHODS 

Plasmid Constructions 

The chimeric viruses were constructed using the infectious, 
paithogenic SIV„,c239 {nef open) vims {£ag + , pro + . pol+, 
vif+, vpx+, vpr+, tat-h rev + , env-h, nef+) (12,35) and the 
HXBc2 HIV- 1 virus (gag + , pro -t- , pol + , vif+ , vpr- , tat + , 
rtfv+ , vpu- , tf/iv + , nef") (36). All four chimeric viruses (des- 
ignated SHIV) used in this study express the gag. pro, pel, vif, 
vpr, and nef proteins of SIV„^39 (/le/opcn) and the tat. rev, 
and env proteins of HIV-l (HXBc2). 

Each chimeric provirus clone was propagated in E. coU using 
two plasmids, one containing the 5' haif of the provirus and one 
containing the 3' half of the provirus. The 5' proviral clones, 
derived from the p239 SpSp 5' plasmid (12), consisted entirely of 
sequences from the SIV,j,j^9 clone. The sequences from the 5' 
ceduiar flanking sequences to the unique Spk I sife in the 
SIV,»:239 genome were cloned into a pBS( + ) plasmid (Strata- 
gene) modified to contain a. unique Cla I site in the polylinker 
region. This 5' clone, which was used to generate the SHIV-1 
and SHrV-2 chimeric viruses, contains the SIV^239 tat splice 
acceptor and tat initiation codon. Site-<iirected mutagenesis was 
used to create a modified 5' clone in which the SIV^239 tat 
splice acceptor and tat initiation codon were modified (Fig. 1) 
This modified 5' clone was used to generate the SHrV-3 and 
SHIV-4 chimeric vinises- 

The y proviial clones consisted of tat, rev and env sequences 
derived from the HXBc2 HIV-l isolate and the /le/and 3' LTR 
sequences derived from the Srv„„^9 {nef open) isolate (35). In 
the SIV„^9 («/ open) variant, the 93rd codon of nef is 
changed from a stop (TAA) to a Glu (GAA) codon. allowing 
production of a functional nef protein (35). The HIV/SIV^^ 
junction in the 3' proviral clones was formed by Ligating the 
HFV-I and SIV^ segments using the Rsr II site, which was 
created by site-directed mutagenesis in both the HIV-l and 
SV/g,^9 {nef open) sequences. 

To allow efficient ligation of the 5' and 3' proviral halves, a 
unique Sph I site was introduced by site-directed mutagenesis 
into the HTV-l region upstream of the HIV-l tat gene. This Sph 
I site was positioned such that the HIV-l tat splice acceptor 
sequences would be either included in or excluded fr^m the 3' 
proviral clones. The 3* clone that included the HIV- 1 tat splice 
acceptor was used to generate the SHIV-1 and SHIV-3 chimeric 
viruses, while the 3' clone lacking the HIV-l tat splice acceptor 
was used to generate the SHIV.2 and SHrV-4 viruses (Fig. 1). 
Also, since the last few codons of the SIV^ vpr gene are lo- 
cated 3' to the natural Sph I site in the 5' proviral clone, these 
codons were supplied by modification of the 3' proviral clone 
near the introduced Sph I site. Thus, the vpr reading frame would , 
be restored upon ligation of the 5' and 3' proviral clones at the 
Sph I site (Fig. 1). 



Transfection of CEMxl74 Cells with 
Chimeric Proviruses 

For transfection, 5 pig of the 5' and 3' proviral clones were 
digested with Sph I and other restriction enzymes that recognize 
the flanking sequences {Cla I for the 5' proviral clone and Xho I 
for the 3' proviral clone). The fragments containing the. 5 ' and, 3.', 
proviraJ sequences were ligated. The ligation reaction was then 
mixed with 3 x 10* CEMX174 cells suspended in I ml of serum- 
free RPMI 1640 and 500 p-g/ml DEAE-dextran. The ccll-DNA 
suspension was incubated at 37*C for i h, after which the ceils 
were washed with serum-free medium and rcsuspcnded in 10 ml 
RPMI 1640 with 10% fetal calf serum. 



Reverse Transcriptase Assays 

Virus production in transfected or infected cultures was mon- 
itored every 3-4 days by reverse transcriptase assays as de- 
scribed, using 1.5 ml of cell-free supernatant (37), After remov- 
ing supematants for reverse transcriptase assays, cells were re- 
suspended in a sufficient amount of fresh medium to maintain the 
cell density between 10^ and 10* cells/mi. 



Infection of Cultured Monkey PBMCs 

Typically, 2-4 x 10^ peripheral blood mononuclear cells 
(PBMCs) were isolated from 15-30 ml whole blood from cyno- 
molgus monkeys. Cells were isolated using Flcoll-Paque (Phar- 
macia) and resuspended in RPMI 1640 supplemented with \Q% 
fetal calf serum and either phytohemaggiutinin (PHA-C) (Boe- 
hringcr-Mannheim) or concanavalin A (Con A» type IV, Sigma) 
at 5 M-g/ml. Three to 5 days following PHA-C or Con A stimula- 
tion, the cells were washed and resuspended in RPMI 1640 with 
10% fetal calf scrum and 10 U/ml intcrieukin-2 (human recombi- 
nant. Boehringer- Mannheim). Two days later, PBMCs were in- 
^ fected with I x. 10^ reverse transcriptase units of virus derived 
from transfected CEMxl74 cells. Three days after infection. 
PBMCs were washed and resuspended in fresh medium. Reverse 
transcriptase measurements in cell supematants were made on 
days 4, 6, 9, and 13 following infection. 

Preparation of Virus Stocks and 
TCID50 Determination 

Virfis stocks for animal inoculation were prepared in cynomoi- 
gus monkey PBMCs and frozen as cell-free supematants without 
additives at - TO'C. The virus titer was determined by incubating 
100 M.1 of thawed stocks, either undiluted or as 10-fold serial 
dilutions, in quadruplicate with I x 10^ CEMxl74 cells in 1 ml of 
medium. When cultures became confluent, cells were diluted 
l/IO. The wells were scored for the presence of syncytia aft^r 2 
weeks, and the 50% tissue culture infectious dose (TCID50) in the 
virus stock calculated as described (38), 



Immunoprecipitation of Infected Cultiires 

Approximately 2 x lb* CEMxl74 cells were infected with 
HIV-l (HXBc2 strain), SIV^^239 {nef open), or chimeric vi- 
ruses. The cultures were labeled overnight with p^Sjcystcine 1*2 
days prior to the peak of syncytium formation, and cell lysates 
were precipitated either with serum from a HIV-l -infected AIDS 
patient or from a SlV^^-infected rhesus macaque as described 
(30). 
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^iVQnv SIVnef 
na 1. structure of the chimeric viruses. A; The genetic organization of the HIV-1 (HXBc2). SIV^.J239 (net open), or SHIV 
chimeric viruses »s shown, with HIV-l- or SlV^^-specific sequences designated as white or black boxes, respectively. Genes that 
u^w .?I?w y^XiWzB^ are denoted with an asterisk. The 5' SIV„^HIV-1 junction at the Sph I site (S) and the 3' 

MIV-1/SIV junction at the Rsr II site (R) are shown. The stippled 3' end of vproi the SHIV virus represents sequences derived 
c IT. ? /^'^ chimera that reconstitute the SIV„.^9 vpr, B: The details of the 5' SIV„.^HIV-1 junction near the 

^pn I site (S) are shown for each of the SHIV chimeric viruses. The positions of the splice acceptors {SJ^) for the SIV„„ tat and 
w messages and for the HIV-1 faf message are shown above the figure, with the SIV„^ faf initiation codon. SIV^„ ^Pr stop 
codon and HIV-1 faf initation codon underlined and labeled wjth arrows below. The asterisks denote sequence identity arid the 
• !! ^^^^^f^^ sequences not shown. The horizontal bars represent sequence deletions. The X marks the position of an Xba I site 
in the SHIV-3 and SHIV.4 sequences. C: The details of the 3' HIV-1/SIV„«;239 {net open) junction near the flsr II site (R) are 
Shown. The stop codon for the HIV-1 env and the initiation codon for the SIV„^ nef are underlined and labeled with arrows. 
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- Inoculation of Cynomolgus Monkeys with 
-""^"^ Chimeric Virus 

Two maJc and two fcmaJe cynomolgus monkeys (A/, fascicu- 
lans) were inoculated intravenously with 1 ml of virus stock 
containing 7 x lO^ TCID^o of the SHIV^ chimeric virus. 

Virus Isolation from Inoculated 
Cynomolgus Monkeys 

At 2 and 4 weeks following inoculation of cynomolgus mon- 
-Hccys. CD8-depleted. Con A-stimuiated PBMCs were cultured 
from each animal and the level of SIV„„ gag p27 antigch in 
culture supcrnatants assessed as described (39). Culture super- 
natanis positive for viral antigen were used to infect CEMxI74 
ceUs. which were labeled and used for immunoprecipitatibn as 
described above. 



RESULTS 
Chimeric Viruses 

The goal of these studies was to create a replica- 
tion-competent SIV/HIV-1 hybrid virus that ex- 
presses the HIV- 1 envelope glycoproteins. The se- 
quences used for the construction were derived 
from the pHXBc2 DNA. a clone prepared from the 
inB strain of HIV-l (36), and the p239 SpSp 5' and 
p239 ^SpE37hef-open plasmids derived from the 
SIV^239 strain of virus (12,35). The SIV^3^239 
viral DNA was selected to be one of the parents for 
the recombinant virus as injection of cynomolgus or 
rhesus monkeys with either purified viral DNA or 
virus derived from this DNA resulted in both high 
levels of viremia and an AlDS-like disease {12 35 
40). 

Construction of the appropriate chimeric mole- 
cules was complicated by significant differences in 
the regulatory genes of the two viruses as well as 
the complex genetic organization of the primate im- 
munodeficiency viruses (5,41,42). Both HIV-I and 
SIV„^ac encode the regulatory genes vif, vpr, tat, 
rev, and nef. The regulatory gene vpu is specified 
only by HIV-l (43-^8). whereas vpx is found only in 
HIV-2 or SIV (4^51). The strategy used for con- 
struction of chimeric viruses was to replace the tat, 
rev, and env sequences of SIV^3^239 by the corre^ 
sponding sequences of HXB2. The resultant viruses 
should contain the LTR gag, poi vif, vpx, vpr and 
ne/of SIV^^^ and tat, rev, and env of HIV-l. 

The original chimeric virus, designated SHIV-l 
(SIV-HIV-chimeric virus- 1), contains two tat splice 
acceptor sequences. The 5' tat splice acceptor se- " 
quence is of SIV^^ origin whereas the 3' tat accep- 
tor sequence is derived from HIV- 1 sequences. To 
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minimize the possibility that the presence of two I 
closely spaced splice acceptor sites might interfere ! 
with one another, derivatives of SHI V- 1 were made 
that contain only the SIV^^, splice acceptor site 
(SHIV.2), only the HIV-l splice acceptor site 
(SHIV-3) or neither splice acceptor site (SHIV~4) 
(Fig. I). In the virus that lacks both tat splice ac- ■ 
ceptors, it is likely that the remaining SIV^^^ rev 
acceptor substitutes for the tat acceptor. | 

Replication of Chimeric Viruses in Culture I 

r 

Jhe parental SIV^3,239 virus replicates well in ! 
"The human CD4* BAT cell hybrid line CEMxl74 ' 
(52). To determine whether chimeric SHIV DNAs 
produce infectious virus, CEMxl74 cells were 
transfected with the parental SIV^^^239 as well as 
SHIV recombinant DNAs. Virus replication- was 
monitored by measurement of the amount of ;he 
viral DNA polymerase (reverse transcriptase) Ve- , 
leased into the culture medium. .\ 
The data of Fig. 2 show that virus is produced * I 
from cultures that are transfectecf with aU five I 
DNAs. However, significant differences in the rate | 
of appearance of reverse transcriptase in the me- : 
dium were noted using different DNAs. Significant | 
virus replication was evident by 9 days post- : 
transfection in cultures treated with either the pa- \ 
- rental SIV^3,239 DNA or the SHIV-2 or SHIV.4 I 
DNAs (Fig. 2A). Detectable levels of reverse tran- j 
scriptase were not present in the cultures trans- 
fected with SHIV- 1 or SHIV-3 DNAs until day 13 i 
* post-transfection (Fig. 2B). The relative delay in ap- ^ 
pearance of virus in the supernatant of cultures \ 
transfected with SHIV-l or SHIV.3 DNAs as com- 
pare^ to those transfected with SIV^^^239, SHIV-2 * 
or SHIV-4 DNAs was observed in several indepen- 
dent experiments. Despite this reproducible delay, ' 
the rates of replication of all four chimeric viruses 
were indistinguishable when similar amounts of vi- ' 
rus harvested from the supernatant fluids of the 
transfected cultures were used to reinfect CEMx 1 74 * 
cells (data not shown). 

The ability of SHIV-2 and SHIV-4 viruses to ini- " 
tiate infection in primary PBMCs derived from cy- 
nomolgus monkeys was examined. For these exper- 
iments the SIV^^,239, SHIV-2, and SHIV-4 viruses | 
harvested from the supernatant fluids of transfected 
CEMx 174 cells were incubated with PHA-1- or Con | 
A-activated monkey PBMCs. Three days after in- 
fection with these viruses, the PBMCs were washed ) 
and resuspended in fresh medium. Virus replication 

I 
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FIG. 2. . - Replication of chimeric viruses in CEMx174 lympho- 
cytes. .The reverse transcriptase activity in the supernatants 
bf-CEMxl74 cells that had be^n transfected with proviral 
DNAYof SIV„,c239 (neropenf) (O) or chimeric viruses is 
showf*. A; The CEMx174 celJ6 were transfected with SHIV-2 
{A).dr .SHIV-4 (A) DNA. Bi^The CEMx174 cells were trans- 
f^^with SHIV-1 (B) or (□) DNA. 

wafe meksureiU^y^ of reverse transcriptase 

activity in culture supernatant fluids. 

The data of Table 1 show that all three viruses 
replicated weU in cultures of PBMCs derived from 
cynomolgus monkeys. The rate of replication and 
amount of virus produced upon infection of the 
monkey PBMCs with either the SHIV-2 or SHIV-4 
virus was similar to that obtained upon infection of 
the culture with 

TABLE 1. Reverse transcriptase activity (cpmll.5 ml x 10^^) 
in supernatants of cynpmoigus monkey PBMCs 



Vims 




Days after infection 




4 


6 


9 


13 


Srv^239 (/i</*-opcn) 


33 


45 


30 


61 


SHIV.2 


96 


82 


41 


28 


SHIV^ 


•57 


76 


17 


34 



Chimeric Nature of the Recombinant Viruses 

The 5HIV chimeras should produce gag and pel 
products of SlV^ac and env proteins of HIV- 1. The 
viral gag proteins of HIV-l and SIV^^^239 can be 
distinguished by mobility differences on SDS- 
polyacrylamide gels, following precipitation with 
sera from HIV-l-infecied humans or SIV^^^- 
infected. monkeys. Such sera contain antibodies 
that cross-react with gag but not with env proteins 
(53). To determine whether the SHIV viruses that 
replicate in' cynomolgus monkey PBMCs express 
both SIVj^-;^ and HIV-l proteins, viruses harvested 
from"The"superhatant fluids of infected PBMC cul- 
tures were used to infect CEMxl74 cells. As con- 
trols, CEMxl74 cells were infected with SlV^^J.'i^ 
(Aie/open) and HIV-l (HXBc2) viruses. The in- 
fected cells were labeled, with [^^S]cysteine, lysed^ 
and the viral proteins precipitated -with serum from 
a HIV-l -infected AIDS patient or serum from a 
SlV^ac-infected macaque The precipitates were, 
analyzed on SDS-polyacrylamide gels. 

The data of Fig. 3 A show that, as expected, both 
the human and monkey sera recognize gag proteins 
of the parental HIV-l and SIV vnTises. These pro- 
teins can be distinguished from one another by elec- 
trophoretic mobility of both the capsid proteins 
(HIV-l p24 and SIV^^^ p27) and the gag precursor 
proteins (HIV-l p55 and SIV^^^ p58). The HIV-l 
serum recognizes the gpl60 and gpl20 env glyco- 
proteins present in CEMxl74 cells infected with 
HIV-l but not the env proteins of cells infected with 
SIVn,ac239. The anti-SIV^^c serum recognizes the 
gpl60 and gpl30 env proteins present in cells in- 
fected with SIV^3^239 but not with the HIV-l virus. 

In thf se experiments the gag proteins present in 
cells infected with the SHIV^ virus exhibited the 
electrophoretic mobility characteristic of SIV^^^^ 
capsid proteins. The env proteins of these extracts 
were recognized by the anti-HIV-1 but not the anti- 
.SIV^3^. serum. The electrophoretic mobilities of the- 
env proteins present in cells infected with the 
SHIV-4 virus corresponded to those expected for 
the envelope glycoproteins of HIV-l. These exper- 
iments confirm that the SHIV-4 virus is chimeric 
and produces the gag proteins of SIV^^^ and the env 
proteins of HIV-l. 



Infection of Cynomolgus Monkeys 

The ability of one of the chimeric viruses, SHIV- 
4, to replicate in cynomolgus monkeys was exam- 
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Shibata et al. (57) have aJso constructed a SIW^^J 
if JfnV-1 chimeric virus that expresses the HIV-1 en- 
' • velope glycoproteins. This virus is defectivr-far* 
both vpr and nef. The chimera described by Shibata 
et aJ. replicates in cultured monkey PBMCs. How- 
ever, the rate of replication of this virus appears to 
be slower than that of the SIV,^^^ parental virus 
(57). The absence of vpr and ^e/ and suboptimal 
splicing patterns may account, at least in pan, for 
_ this delay. 

The presence of the HIV-1 tat splice acceptor 
near the 5' SIV^^/HIV-l junction slowed the ap- 
pearance of virus in cells transfected with^ the 
SHIV-1 or SHIV.3 DNA. It is likely that the pres- 
ence^of the HIV-1 tat splice acceptor results in in- 
eflBcient expression of viral genes. The ability of 
virus harvested from CEMxI74 cells transfected 
with pro viruses containing the HIV-1 tat acceptor 
sequence to initiate efficient reinfection of 
CEMxl74 cells probably indicates that selection for 



optima] splicing occurs rapidly in culture 

The experimental system deiscribed here (the in- 
fection of cynomolgus monkeys with the SHIV-4 
virus) should provide a valuable model for study of 
the efficacy of/anti-HIV-I vaccines. The aBUity of 
such vaccine's to induce protective immune re- 
sponses in monkeys to infection by SHIV-4 should 
|.^.. provide an indication of efficacy against viruses 
with HIV-1 envelope glycoproteins. The model caA 
also be used to evaluate ^e abiUty of polyclonal and 
monoclonal antibodies to inhibit HIV- 1 envelope 
function in animals. Therapeutics designed to in- 
hibit the HIV-1 tat, rev, or env functions can also be 
evaluated in this model system. 
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